Since the discovery of Sry in mammals [1, 2] , few other master sex-determining genes have been identified in vertebrates [3] [4] [5] [6] [7] . To date, all of these genes have been characterized as well-known factors in the sex differentiation pathway, suggesting that the same subset of genes have been repeatedly and independently selected throughout evolution as master sex determinants [8, 9] . Here, we characterized in rainbow trout an unknown gene expressed only in the testis, with a predominant expression during testicular differentiation. This gene is a male-specific genomic sequence that is colocalized along with the sex-determining locus. This gene, named sdY for sexually dimorphic on the Y chromosome, encodes a protein that displays similarity to the C-terminal domain of interferon regulatory factor 9. The targeted inactivation of sdY in males using zinc-finger nuclease induces ovarian differentiation, and the overexpression of sdY in females using additive transgenesis induces testicular differentiation. Together, these results demonstrate that sdY is a novel vertebrate master sex-determining gene not related to any known sex-differentiating gene. These findings highlight an unexpected evolutionary plasticity in vertebrate sex determination through the demonstration that master sex determinants can arise from the de novo evolution of genes that have not been previously implicated in sex differentiation.
Results
As in all salmonid species studied thus far, sex determination in rainbow trout (Oncorhynchus mykiss) is strictly genetic, with a simple XX/XY monofactorial system [10] . In this study, we searched for a potential master sex-determining gene in rainbow trout based on the assumption that such a gene would be expressed in a specific fashion during early testicular differentiation and that next-generation sequencing (NGS) techniques would be sensitive enough to characterize the expression of this potential regulator. To develop this strategy, rainbow trout have several biological advantages, such as the availability of genetically all-male and all-female populations [11, 12] , large embryonic size, slow development, and the availability of many genomic resources [13] .
Identification by NGS of a Gene Specifically Expressed in the Differentiating Testis with Homology to a Rainbow Trout Y Chromosome Sequence Roche's 454 Titanium technology was used to sequence cDNA libraries made from all-female (XX) and all-male (XY) gonads sampled at 35 days postfertilization (dpf), which is at the very beginning of the molecular sex differentiation period [14, 15] . This sequencing yielded 350,638 reads from female gonads and 349,465 reads from male gonads. These reads were assembled, annotated, and mapped onto the rainbow trout transcriptome assembly, and the numbers of male and female reads were counted for each assembled transcript. To check whether this RNA-seq approach allowed an accurate identification of sexually dimorphic genes, we searched for well-known candidate genes already characterized to be sexually dimorphic in rainbow trout. Among those genes, early ovarian differentiation markers such as cyp19a1a [16] , hsd3b, star, and fst [14] were clearly overexpressed in terms of the number of reads in the 35 dpf female library, whereas early testicular differentiation markers such as amh, sox9a2 [14] , tbx1a, and tbx1b [17] were predominantly expressed in the 35 dpf testis library (see Table S1 available online). Among the assembled sequences overrepresented in male differentiating gonads, Basic Local Alignment Search Tool (BLAST) similarity searches revealed that one sequence showing a highly predominant expression in the embryonic testis (fold change male/female = 155; see Table S1 ) was identical to parts of the rainbow trout Y chromosome-specific genomic sequence, OmyY1 [18] . This transcript was named sdY for sexually dimorphic on the Y chromosome.
The Rainbow Trout sdY gene Is a Truncated, Divergent Form of Interferon Regulatory Factor 9 The sdY gene encodes a putative protein of 192 amino acids ( Figure 1A ) that displays sequence homology with the carboxy-terminal domain of interferon regulatory factor 9 (Irf9) ( Figure 1B) . No similarity was found between the 10 kb upstream portion of the OmyY1 genomic sequence and the N-terminal domain of Irf9, suggesting that sdY truly encodes a truncated, divergent form of Irf9. The structure of the gene deduced from the alignment of the sdY cDNA (GenBank accession number AB626896) with the OmyY1 sequence shows that it is composed of four exons that span 7,694 bp of the 21,126 bp OmyY1 sequence ( Figure 1A ). Potential sdY homologous sequences were searched in different sequence databases to investigate whether sdY was conserved among teleost fish, and no related sequence apart from classic fish irf9 sequences was found in the wholegenome sequences of zebrafish, medaka, fugu, tetraodon, and stickleback or in the RefSeq and Swiss-Prot databases. Phylogeny reconstruction confirmed the clear evolutionary relationship between SdY and the C-terminal domain of Irf9 proteins in teleosts ( Figures 1C and S1 ) and revealed *Correspondence: yann.guiguen@rennes.inra.fr that irf9 genes are duplicated in the salmonid lineage (irf9a and irf9b).
The Expression of sdY Is Restricted to Testis with a Predominant Expression during Testicular Differentiation
Using in situ hybridization, we detected sdY expression during early testicular development (around the time of hatching, i.e., 32 dpf). Its expression is localized in epithelial cells of the dorsal side of the gonads and in some somatic cells surrounding the germ cells (Figure 2A) . No expression was detected in female differentiating gonads, whatever the stage of development. Using quantitative PCR (qPCR), we found the expression of sdY to peak at approximately 40-60 dpf only in male differentiating gonads, and this high expression was sustained until 90 dpf ( Figure 2B ). In adult male tissues, sdY expression was restricted to the testis ( Figure 2C ) and decreased during the completion of spermatogenesis (Figure 2D) , whereas sdY was not detected in any female tissues (data not shown).
The Rainbow Trout sdY Gene Is a Male-Specific/Y Chromosome Sequence Tightly Linked with the SEX Locus In agreement with its complete identity with part of the OmyY1 Y chromosome sequence, we confirmed that the sdY gene was a male-specific genomic DNA sequence in the rainbow trout. This Y chromosome association was found to be very strict because among 425 animals that were genotyped, all of the phenotypic females (n = 207) were negative for sdY and all of the phenotypic males (n = 218) were positive for sdY ( Figure 3A ). Using markers derived from the coding portion of sdY, we mapped sdY onto the rainbow trout genetic map and found that sdY was strictly colocalized with the SEX locus on rainbow trout linkage group 01 (RT01; see Figure 3B ).
The Rainbow Trout sdY Gene Is Both Necessary and Sufficient to Trigger Testicular Differentiation
To prove that the function of sdY is consistent with a role as a master sex-determining gene, we first investigated whether the overexpression of sdY induced testicular differentiation in rainbow trout genetic females (XX). We produced genetic transgenic females carrying a transgene with 5 kb of the sdY promoter fused with the sdY cDNA and obtained 73 F0 transgenic XX animals. Of these, nine (12%) had a clear testis structure and one had an ovotestis gonad characterized by the presence of both large oocytes and testicular cysts ( Figure 4A ). Four of the nine transgenic XX females that were phenotypically male produced sperm ( Figure 4A ), and one of these animals was bred to a normal female and produced normal offspring. In addition, the targeted inactivation of sdY was produced in genetic males (XY) using zinc-finger nucleases (ZFN) [19] . Because no female phenotype was observed in the F0 animals, sperm from founders characterized with an sdY mutation in their germline was used to produce F1 animals. Two different mutations in the sdY gene were detected in the F1 animals, including a 23 bp deletion (D23, n = 2), which causes a frameshift and a premature stop codon in the SdY protein, and a 4 bp deletion combined with a 7 bp insertion (D4; +7, n = 15), which induces a 3 aa modification of the protein (Figures 4B and S2) . The gonad histology of the sdY mutated animals carrying either mutation revealed a clear ovarian structure characterized by the presence of the ovarian lamellae, delimited by connective tissue, and containing meiotic oocytes ( Figure 4C ).
Discussion
Vertebrates exhibit diverse sex determination systems, including both environmental and genetic mechanisms, depending on the species [9] . Since the discovery of Sry in eutherian mammals [1, 2] , few other master sex-determining genes have been characterized in vertebrates [3-7, 20, 21] . However, all of the currently characterized master sex-determining genes are related to genes that are key actors in the gonadal differentiation pathway. For example, Sry in mammals was suggested to have evolved from a Sox3 duplication [22] , dmrt1Y in medaka (Oryzias latipes) [23] and dmW in African clawed frog (Xenopus laevis) [4] likely evolved from a dmrt1 duplication, and amhY in the Patagonian pejerrey (Odontesthes hatcheri) arose from a duplication of the amh gene [3] . In addition, dmrt1 in chicken may act as a master sex-determining gene through a Z chromosome dosage mechanism [6] , and gsdfY (gonadal soma-derived growth factor on the Y chromosome) in another medaka species (Oryzias luzonensis) is a Y chromosome-specific allelic copy of an X chromosome gsdf [7] . Therefore, such conserved ''usual suspects'' [24] have been hypothesized to be repeatedly and independently selected throughout evolution as the primary regulators of the sex determination cascade [8, 9, 25] .
The discovery of sdY, specifically expressed in the differentiating testis and sharing sequence identity with parts of the rainbow trout Y chromosome-specific genomic sequence, OmyY1 [18] , led us to hypothesize that this gene could be the master sex-determining gene in rainbow trout. A master sex-determining gene in a species with a XX/XY monofactorial sex determination system has to fulfill three major requirements: it must be expressed in the differentiating testis, it must be linked with the SEX locus, and it must be necessary and sufficient for testis development. The expression of sdY was confirmed to be testis-specific with a localized expression in some somatic cells of the embryonic testis. This malespecific expression of sdY has been detected shortly after hatching (32 dpf), demonstrating that sdY is an early actor in the testicular differentiation process in rainbow trout, consistent with what is expected for a master sex-determining gene acting at the top of the differentiation cascade in this species. The sustained expression of sdY at later stages of testicular development does not necessarily conflict with a potential role as a master sex-determining gene because such an expression profile has been reported for dmrt1Y in medaka [26] and Sry in some mammals [27] .
The second important characteristic of a master sex-determining gene is its tight linkage with the nonrecombinant part of the heterochromosome. In rainbow trout, the sex-determining (SEX) locus belongs to linkage group 1 (RT01) [28] , and the Y chromosome OmyY1 sequence was found to be located within 4 centimorgans of the SEX locus [18] . However, Phillips and collaborators suggested that OmyY1 could be located much closer to the SEX locus because sex reversal is often detected in the offspring of the doubled haploid crosses used for the genetic mapping of OmyY1 [29] . Using markers derived from the coding portion of sdY, we found that sdY was fully linked with the SEX locus in more than 400 individuals in a rainbow trout population.
In addition to its expression in the embryonic testis and its Y chromosome linkage, we also demonstrated that sdY is both necessary and sufficient to induce testicular differentiation, as expected for a master sex determinant in a species with a XX/XY monofactorial sex determination system. Interestingly, its overexpression in F0 genetic females produced some fully functional masculinization, but none of the F0 ZFN mutated males displayed an ovarian phenotype. This observation could be due simply to a higher mosaicism of the F0 ZFN animals compared with the F0 transgenics, but it could also suggest that a relatively low threshold of sdY expression is able to fully masculinize the entire embryonic gonads. If true, the latter possibility would explain the absence of a female phenotype observed in the F0 ZNF males, because only a small number of nonmutated cells within the embryonic gonads would still produce enough sdY expression to prevent any feminization.
The sdY gene encodes a truncated, divergent protein presenting significant similarities with the carboxy-terminal domain of Irf9 proteins that are members of the interferon regulatory factor family. This Irf9 C-terminal domain contains the IRF association domain, through which Irf9 associates with Stat1 and Stat2 to form a transcription factor complex called ISGF3 [30] . This ISGF3 complex is formed in response to type I interferon (IFN) signaling and binds to specific response elements found in some of the upstream regulatory sequences of interferon-induced genes. The involvement of the IFN signaling pathway during testicular differentiation in vertebrates has not been reported so far, but it cannot be totally excluded because this pathway has never been investigated in detail. Given that some IFNs are known to inhibit steroidogenesis [31] and that steroids are important inducers of fish gonadal differentiation [32, 33] , a link between IFN signaling and sex differentiation could be hypothesized. However, because SdY is clearly divergent from the classic Irf9 protein, another hypothesis is that its function evolved through neofunctionalization, resulting in a protein that may have lost its role in modulating the IFN signaling pathway. Because salmonids have experienced an additional wholegenome duplication (WGD) compared with most extant teleosts [34] , the simplest hypothesis was that sdY evolved from a salmonid-specific irf9 paralog. However, this hypothesis was not supported by the phylogenetic reconstructions that clearly showed that salmonids have two irf9 genes, irf9a and irf9b, that are most likely paralogs resulting from the salmonid-specific WGD. Due to the high sequence divergence of sdY, its precise evolutionary history remains difficult to explain. An interesting possibility would be that sdY was duplicated through a transposition mechanism, as transposable elements have been identified within the OmyY1 sequence [18] .
Taken together, these results demonstrate that sdY fulfills all of the classic requirements for being a master sex-determining gene in the rainbow trout: it is expressed in the correct place at the correct time (i.e., in the differentiating testis), it is tightly linked with the SEX locus on the Y chromosome, and it is both necessary and sufficient to induce testicular differentiation. However, one of the most striking features of this novel vertebrate sex-determining gene is its distant but significant homology with irf9, an immune-related gene involved in the mediation of interferon signaling. This evolutionary relationship remains puzzling, but our results demonstrate that entirely novel actors can be recruited at the top of the regulatory cascade, counter to the hypothesis that master determinants are predominantly recruited from the duplication of genes involved in the sex differentiation cascade [8, 9, 25] .
Experimental Procedures
Research involving animal experimentation conformed to the principles for the use and care of laboratory animals, in compliance with French and European regulations on animal welfare. cDNA libraries were generated using the SMART PCR protocol (Takara Bio Europe/Clontech) and sequenced using Roche 454 Titanium technology. Genomic DNA was extracted as described previously [35] from fin clips stored in 90% ethanol. The genetic mapping of sdY on the sex linkage groups of rainbow trout was performed as described previously [35, 36] . qPCR was performed using previously described methods [37] . Whole-mount in situ hybridization was performed as described previously [17] with a rainbow trout sdY antisense probe. Transgenic and mutant sdY animals were obtained using previously described methods [38, 39] by microinjecting either a plasmid construct containing 5 kb of the sdY promoter fused to the coding part of the sdY cDNA or an mRNA encoding the appropriate ZFN protein into rainbow trout eggs. Detailed experimental procedures are given in Supplemental Experimental Procedures. 
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Accession Numbers
The GenBank accession number for the rainbow trout sdY sequence reported in this paper is AB626896, and the European Nucleotide Archive (ENA) accession number for the 454 sequences reported in this paper is ERP000696.
Supplemental Information
Supplemental Information includes one Figure S2 for the detection of the mutations). The 23 bp deletion in sdY exon 2 (D23) creates a frameshift that leads to the formation of a premature stop codon. The deletion of 4 bp followed by the insertion of 7 bp (D4; +7) leads to the replacement of two amino acids by three different amino acids. (C) Male-to-female sex inversion of 90 dpf sdY XY fish with mutations in the sdY gene. Both mutations induce ovarian differentiation characterized by the presence of ovarian lamellae (Ol) and meiotic germ cells (gC). The inset shows a higher magnification of the meiotic germ cells. Scale bars represent 50 mm.
